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We study the intrinsic transport anisotropy and fermiology of the quasi one-dimensional super-
conductor Ta4Pd3Te16. Below T
∗ = 20 K we detect a thermodynamic phase transition that pre-
dominantly affects the conductivity perpendicular to the quasi one-dimensional chains, consistent
with a thermodynamic transition related to the presence of charge order that precedes superconduc-
tivity. Remarkably the Fermi surface pockets detected by de Haas-van Alphen (dHvA) oscillations
are unaffected by this transition, suggesting that the ordered state does not break any translational
symmetries but rather alters the scattering of the quasiparticles themselves.
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I. INTRODUCTION
Superconducting materials with extreme anisotropies
in their electronic normal state behavior are of immense
interest for studying the relationship between dimension-
ality, broken symmetry, and unconventional mechanisms
of superconductivity. For example, both cuprate and
iron-pnictide superconductors are proximal to magnetic
and possibly “nematic” orders1,2. In the case of the
cuprates, the recent discovery of charge density order has
ignited debate as to whether such thermodynamic phases
are competing, causal, or benignly coincident with super-
conductivity3–5. This ground-state electronic competi-
tion is particularly important in quasi-one dimensional
(q1D) systems6,7, which often show charge order and
also exhibit unconventional superconductivity. Recently,
the q1D ternary superconductor Ta4Pd3Te16 (TPT) has
been suggested to be proximal to quantum ordered states
and a possible host for unconventional superconductiv-
ity8–10.
TPT is a layered material with a monoclinic crystal
structure11. The high-conductivity direction coincides
with the b axis, parallel to the PdTe2-chains lying within
flat layers separated by TaTe3 chains and Ta2Te4 double
chains (see Fig 1a). Well-studied q1D systems like the
organic TMTSF-PF6
12 or purple bronze Li0.9Mo6O17
13
possess complex phase diagrams with evidences of a spin
or charge density wave instability7. However, despite
several recent studies, TPT has not shown unambiguous
evidence of an instability competing with its SC phase.
This may be because TPT is significantly more isotropic:
although direct resistivity measurements have been un-
available until this study, measurements of the upper crit-
ical field have given indirect evidence that the electronic
anisotropy in this compound is relatively weak8,9. Re-
cent density functional theory (DFT) calculations pre-
dict that the system is multi-band in nature14, showing
a combination of q2D, 3D and several q1D bands at the
Fermi level EF that could account for earlier evidence of
unconventional behavior in the thermal conductivity and
heat capacity8,9. Aside from superconductivity, no other
bulk properties show clear thermodynamic evidence for
an additional order parameter, raising the possibility that
there may not be any other broken symmetry proximal
to superconductivity. It is therefore important to deter-
mine the underlying Fermi surface as well as the intrinsic
electronic anisotropy in order to understand the apparent
absence of other ordered states in the case of TPT.
In this work we report the existence of a thermody-
namic transition above the superconducting critical tem-
perature (Tc), indicative of a nearby phase instability in
TPT. By employing torque magnetometry and magne-
totransport, we observed de Haas-van Alphen (dHvA)
oscillations that confirm the multi-band nature of TPT’s
bulk Fermi surface. Using focused ion beam (FIB) mi-
crostructuring, we fabricated devices enabling measure-
ments of the resistivity along the inter-chain (a∗) and
interlayer (c) directions (see Fig. 1a). Remarkably, the
anomaly is only pronounced in the transport channel per-
pendicular to the chains setting in at T ∗ = 20 K, but
is quite subtle in all other directions. Finally, there is
no change in the dHvA frequency observed across T ∗,
suggesting that the Fermi surface experiences no recon-
struction at this temperature. We discuss possible expla-
nations for the observed anomaly and its relationship to
superconductivity, and in particular whether T ∗ marks
the onset of charge density wave (CDW) fluctuations or
a thermodynamic phase transition corresponding to an
incommensurate-to-commensurate CDW lattice lock-in.
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FIG. 1. (a) Crystal structure of TPT with the conventional
unit cell (dotted) in the representation C2/m. (b) Scanning
electron microscope image of a transport device prepared by
FIB etching. Red and yellow arrows highlight the b- and a∗-
directions.
II. EXPERIMENTAL AND CALCULATIONAL
METHODS
Single crystals of TPT were grown using a self-flux
with excess tellurium at temperatures as high as 1000 ◦C,
similar to the method reported by Jiao et al.9. High-
resolution single-crystal X-ray diffraction was performed
at the Advanced Light Source (ALS) at Lawrence Berke-
ley National Laboratory that confirmed the quality of
the crystals and their orientation. Hence, contributions
from impurity phases to the magnetic quantum oscilla-
tion data presented in the following can be ruled out.
Electrical transport devices were prepared by FIB etch-
ing and in situ deposition of platinum or gold contacts
onto thin flakes of TPT, cleaved from the as-grown
needle-like crystals. Sample sizes were a few microme-
ters in thickness and a couple of hundred micrometers in
length. Low-ohmic contacts with contact resistances on
the order of 1Ω were achieved. A device that has been mi-
crostructured to measure b-axis and a∗-axis conductivity
is shown in Fig. 1b.
Magnetic torque and magnetotransport experiments
were performed in fields up to 45 T at the National
High-Magnetic Field Laboratory (NHMFL) in Tallahas-
see, Florida. Both piezoresistive microcantilevers from
SEIKO and capacitive cantilevers built by NHMFL were
used as torque magnetometers. Further torque and mag-
netotransport measurements were performed in a Cryo-
genic Limited 16 T cryogen free magnet system.
Fully-relativistic first-principles calculations were per-
formed using Density Functional Theory (DFT) under
the local density approximation (LDA)15 and imple-
mented using the Quantum Espresso software16. Start-
ing from the experimental crystal lattice parameters, all
internal atomic positions were allowed to relax until in-
teratomic forces were less than 5 meV/A˚. High-resolution
Fermi surface data were obtained by non-self-consistent
calculations on a 50 × 50 × 30 k-point grid in the first
Brillouin zone and were plotted using XCrySDen17. The
dHvA simulation curves were calculated using the Super-
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FIG. 2. (a) and (b) Resistivity along the a∗ and b axes for
device FIBab and along the b and c axes for device FIBcb
plotted against temperature; the gray dotted line highlights
the anomaly at T ∗. (c) Resistivity anisotropy ρi/ρb for each
device, with i = a∗, c.
cell K-space Extremal Area Finder (SKEAF) code18.
III. MAGNETOTRANSPORT AND MAGNETIC
SUSCEPTIBILITY
Figures 2a and 2b show the resistivity, measured with
an applied current along the three crystallographic direc-
tions, as a direct measure of the transport anisotropy. We
microstructured two devices: one made to measure the a∗
and b directions simultaneously, denoted FIBab (shown
in Fig. 1b), and the other measuring the b and c crys-
tallographic directions simultaneously, denoted FIBcb.
Note that FIBab and FIBcb, which are cut from crystals
belonging to the same batch, have highly reproducible
b-axis resistivity ρb, indicating homogeneity within the
batch. The resistivity anisotropy grows monotonically as
the temperature is lowered: at room temperature the re-
sistivity ratios (ρa∗ : ρb : ρc) ∼ 4 : 1 : 13, while at low
temperature (just above Tc = 4.6 K), (ρa∗ : ρb : ρc) ∼
10 : 1 : 20, as shown in Fig. 2c. Due to possible mixing
between different conduction channels, these ratios are
lower bounds of the intrinsic resistivity anisotropies. Ev-
idently, the system becomes much more conductive along
the b-axis than along any other axis, suggesting that scat-
tering becomes significantly suppressed along the chains.
We find that both the temperature dependence of both
ρc/ρb and of ρa∗/ρb show shallow kinks at T
∗ = 20 K
followed by peaks above Tc.
As can be seen in Fig. 3a, which shows the resistivity
normalized to the 6 K value for all three channels, this
peak is related to a resistivity anomaly which is most
pronounced in ρa∗ . In contrast, the data for ρb and ρc
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FIG. 3. (a) Resistivity (normalized by its value at T = 6 K) along all three crystal axes (a∗, b and c) plotted against temperature;
the gray dotted vertical line marks T ∗ (see text). Inset: temperature dependence of the a∗-resistivity in a constant magnetic
field up to 16 T applied parallel to c. (b) Derivatives of the resistivity, dρi/dT , for each transport direction, with i = a
∗, b, c.
(c) Temperature dependence of the magnetic susceptibility χv for a small number of TPT co-aligned single crystals (upper
panel) and a separated single crystal, oriented with the b axis parallel to the applied magnetic field; insets show close-ups of
the background subtracted high field data. Note: T ∗ marks the temperature below which both resistivity and magnetization
show a clear feature indicative of a thermodynamic phase transition; The anomalous temperature region is highlighted by the
grey shaded area.
show very weak features in this region. On taking the
derivative dρi/dT (i ∈ (a∗, b, c)), shown in Fig. 3, we see
that all crystallographic directions exhibit an anomaly
within a few Kelvin of T ∗. The grey shaded area in Fig. 3
highlights the temperature range, T = [8 − 20] K within
which we observe deviations from normal metallic behav-
ior. For the a∗-direction we find a clear minimum at 14 K
but a broad onset starting slightly above T ∗. Along the b-
direction we find a weak change in slope accompanied by
a peak slightly below T ∗. Similarly, a peak develops for
dρc/dT below T
∗ with its maximum at 14 K. Given that
the conductivity along b is over ten times greater than
that along a∗ at these temperatures (see Fig. 2c) it seems
unlikely that this feature is exclusively due to mixing of
ρb with ρa∗ ; rather, it is intrinsic, albeit weak enough to
have been overlooked in previous measurements. We find
that the T ∗ anomaly is independent of the substrate (ei-
ther sapphire or silicon), sample thickness (ranging from
15µm to 1µm) and attachment method (either glue or
van der Waals attraction). We can therefore rule out
any substrate strain effects as a cause of the observed
features.
The derivatives dρb/dT and dρc/dT are strongly lin-
ear at T < T ∗, consistent with the onset of ρ ∝ T 2 Fermi
liquid-like behavior, which may be a precursor to the on-
set of superconductivity at Tc ∼ 4 K. Interestingly, the
temperature at which the anomaly occurs is weakly sen-
sitive to the application of magnetic field (inset Fig. 3a),
suggesting that it is strongly pinned electronically, or
that it is related to the softening of a phonon mode.
However, the magnetoresistance is much larger below the
anomaly than above, suggesting the carriers are signifi-
cantly more mobile at T < T ∗. A similar response is ob-
served in the unconventional superconductor BaFe2As2,
where a strong scattering channel is gapped out at the
Ne´el transition, strongly enhancing the mobility of the
itinerant carriers19.
We studied the magnetic volume susceptibility χV of
TPT around T ∗ for a few dozen co-aligned single crys-
tals with an average width of about 100µm, thickness
of 20µm and length of 3 mm, pointing with their b di-
rections parallel to the field. In Fig. 3c we show data
measured at various magnetic fields, exhibiting strong
diamagnetism setting in at the superconducting critical
temperature Tc = 4.6 K, with a transition width of about
1 K. The inset of Fig. 3c shows a zoom into the data
recorded at a fields of 5 and 7 T. Below 20 K there is a
broad anomaly, manifested as a reduction in the mag-
netic susceptibility, followed by a subtle paramagnetic
increase, before the superconducting transition sets in.
Such a paramagnetic enhancement is a prominent feature
known, for example from cuprate superconductors due to
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the onset of fluctuations in the vicinity of Tc related to
low dimensionality or granularity20. We also observed a
similar decrease of χV for a separated single crystal (see
insert in the lower panel of Fig. 3c).
In the simplest model, the strong reduction above the
superconducting transition can be attributed to a de-
crease in the electronic density of states or, equivalently, a
decrease in the electronic effective mass (note that this is
consistent with the enhanced mobility we observe). The
consistency between transport and susceptibility data is
strong evidence that the T ∗ anomaly is a true thermo-
dynamic transition, indicative of a substantial change in
the electronic properties of the system.
IV. MAGNETIC QUANTUM OSCILLATIONS
AND DFT BAND STRUCTURE
In order to better understand the low-temperature
ground state, we study the Fermi surface by measuring
magnetic quantum oscillations in high-purity crystals.
Background-subtracted de Haas-van Alphen (dHvA) os-
cillations, recorded in a DC magnetic field at T = 1.5 K,
are shown in Fig. 4a. Multiple frequencies superimposed
on a quadratic-in-field magnetic background torque, τbg
are observed. Fast Fourier transforms (FFTs) of the data
for each angle θ (θ = 0 defined to have the applied mag-
netic field, B, parallel to the c-axis) as shown in Fig. 4b
for θ = 57◦, provide access to the angle dependence of
the various frequencies. In Fig. 4c we show the angle
dependence of the major frequency peaks for two sep-
arate experiments: in low fields, B < 16 T (green dia-
monds), and in fields between 25 − 45 T (black circles).
In the high-field data at least three distinct frequencies
are discernible, labeled F1, F2, and F3. However, only F1
and F2 were discernible in fields below 16 T. We there-
fore screened three different growth batches and only ob-
served contributions from F1 and F2.
As the field orientation is tilted away from B||c, the
smallest frequency F1 stays relatively unaffected, indica-
tive of a three-dimensional (3D) Fermi surface. At 30 T
the oscillation period for a frequency of about 100 T can
be estimated to ≈ 9 T precision. Therefore, for a field
window of 25−45 T at most four maxima can be observed,
reducing the reliability of FFT analysis for such low fre-
quencies. By contrast, F2 and F3 trace a trajectory that
tracks the perpendicular component of field 1/B cos θ,
indicative of a quasi-two-dimensional (q2D) Fermi sur-
face pocket. F3 was only clearly visible in the high mag-
netic field data; it appeared close to the background noise
level for the lowest temperatures in the experiments be-
low 16 T. We reproduced the oscillation spectra for vari-
ous samples by application of two distinct measurement
techniques: capacitive and piezoresistive torque magne-
tometry. The clear presence of q2D and 3D Fermi surface
components can explain the relatively weak anisotropic
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character of TPT’s transport behavior compared to other
q1D materials.
TPT’s Fermi surface predicted by DFT calculations
is shown in Fig. 4d. It consists of four distinct bands:
a cylindrical α band centered around the X point, and
three q1D bands labeled β, γ, and δ, respectively. The δ
band shows a strong effect on the position of the chemi-
cal potential ∆. By only minor changes in ∆, equivalent
to doping holes, this Fermi surface sheet acquires a more
complex appearance exhibiting a three-dimensional ex-
tension along the ky direction in the Brillouin zone.
In Fig. 4e we show for comparison the results of DFT
calculations for the Fermi surface at zero temperature.
With a shift of the chemical potential by ∆ ≈ 27 meV,
our calculations broadly agree with low-frequency oscilla-
tions originating from the cylindrical α and the 3D-part
of the δ band. However, the higher-frequency oscillation
F3 cannot be simultaneously recovered, suggesting that
the predicted band structure does not adequately cap-
ture the low-temperature ground state. This discrepancy
could be evidence for band reconstruction due to density-
wave-broken translational symmetry. In addition, it is
also possible that F3 is a magnetic breakdown frequency
that only appears at high magnetic fields and this is also
consistent with a folded Fermi surface at low tempera-
tures.
To investigate whether the Fermi surface is affected by
the T ∗ anomaly, we track the dHvA signal to higher tem-
peratures (Fig. 5 lower panels). We are able to resolve
clear quantum oscillations in low fields below 16 T. The
dHvA oscillation data are presented in Fig. 5a. Though
the higher frequency is quickly suppressed with tem-
perature, the 3D pocket at ∼ 100 T can be tracked to
25 K (Fig. 5b). We observe no significant changes for
this frequency in the FFT spectrum, suggesting that lit-
tle or no band folding occurs at T ∗ = 20 K. Neverthe-
less it is possible that this pocket exists at a point in
the Brillouin zone that is not reconstructed, this would
be difficult to reconcile with our DFT calculations21.
One scenario, which we discuss below, is that T ∗ marks
an incommensurate-commensurate charge density wave
lock-in transition, which requires no additional transla-
tional symmetry breaking.
The effective masses of each of the Fermi surface sheets
are extracted from fits of the temperature-dependent
oscillation amplitude at a constant field orientation to
the Lifshitz-Kosevich temperature damping factor RT =
KµT/B sinh (KµT/B), with K = −14.694 T/K21. We
find µF1 ≈ (0.14±0.02)me and µF2 ≈ (0.2±0.03)me, with
me the bare electron mass. The fits are shown in Fig. 5c.
The measured and calculated masses are quite similar,
suggesting that correlation effects only weakly renormal-
ize the electronic system. The difference between the
two values supports the idea that the two Fermi surface
sheets are located on different bands.
6V. DISCUSSION
At present, we cannot conclusively identify the micro-
scopic nature of the thermodynamic anomaly at T ∗ =
20 K. It has long been suspected that owing to its nested
Fermi surface, TPT could exhibit a Peierls instability.
While low temperature scanning tunneling microscopy
measurements appear consistent with this22, there have
been precious few measurements showing evidence of a
transition8,9,23–25 at T > Tc, leaving open the interpre-
tation of T ∗ detected in this study.
On the one hand, it seems unlikely to be purely a CDW
transition along the chain direction; the indifference of
the quantum oscillation suggests there is no Fermi sur-
face folding across T ∗, there is no reported anomaly in
heat capacity8, and in any case, the conductivity is en-
hanced along the chains, whereas one would naively ex-
pect it to be strongly suppressed due to the gapping out
of the q1D Fermi surface. In the structurally similar
rare earth tri-tellurides RTe3 a CDW formation is ac-
companied by a notably greater conductivity reduction
in their inter-chain direction (but this arises from a pecu-
liarity in the Fermi surface geometry that is irrelevant in
TPT26,27.) As a test we carried out conductivity calcula-
tions at zero temperature, similar to those employed for
the RTe3
27, assuming a hypothetical band folding due to
a CDW (as reported from STM22). We however find that
this single particle model fails to reproduce the observed
enhanced effect on the transport channel perpendicular
to the chains.
On the other hand, the T ∗ anomaly may still be related
to a Peierls-like Fermi instability, for example it could
mark the onset of CDW fluctuations or an incommensu-
rate (ICDW) to commensurate (CCDW) transition. In
the former case, such an onset would give a resistivity
bump to the a∗ direction just as we observe, arising from
an enhancement in interchain interactions that lead to
repulsion as each chain attempts to order. This is not un-
precedented and indeed a similar mechanism as has been
observed in the q2D system P4W10O38
28,29 and predicted
for NbSe2
30,31.Despite the fluctuating CDW order being
along the b-direction chains it would not necessarily give
a strong enhancement of the resistivity in this direction.
The three-dimensional character of the fluctuations could
plausibly have a stronger effect on the inter-chain direc-
tion as instantaneous regions of the CDW attempt to
order the charge on the neighboring chains. However,
this mechanism doesn’t answer the apparent disagree-
ment between the DFT calculations and our observed
QOs.
ICDW to CCDW transitions can be driven by an
electron-phonon interaction as the ICDW locks into the
lattice32,33, and is known to occur in other compounds in-
cluding TTF-TCNQ, 2H-TaSe2 and 2H-TaS2
26,29,34,35.
This could account for all our data and was consistent
with recent nuclear quadrupole resonance measurements
which show a line broadening at T ≈ T ∗, but importantly
no new lines (as would be expected for a singular CDW
transition). However, this does raise the question of the
location of the ICDW transition temperature, which we
do not detect. This may be because TICDW is higher
than the range measured, or sufficiently subtle that we
have not been able to detect it. In this case, we suggest
that high-resolution x-ray measurements may be able to
detect the ICDW, as well as resolve the structural nature
of the T ∗ anomaly.
VI. CONCLUSIONS
Finally, we point out that there are other possibilities
that could be the low temperature ground state (such
as a spin-density wave, nematic transition or some other
broken symmetry). Nevertheless, we can say with cer-
tainty that there is some kind of thermodynamic transi-
tion at T ∗. Intriguingly, this both cuts off the growth of
the transport anisotropy that was growing precipitously
until T ∗ (Fig. 2c), as well as leading to a monotonic T 2
dependence before going superconducting (Fig. 3b). It
may therefore we inferred that while the thermodynamic
nature of T ∗ may not be directly driving Tc in TPT,
it may ‘set the scene’ for conventional superconducting
behavior to come about.
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